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Destruction of density-wave states by a pseudo-gap in high magnetic fields:
application to (TMTSF)2ClO4
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A model is presented for the destruction of density-wave states in quasi-one-dimensional crystals by
high magnetic fields. The model is consistent with previously unexplained properties of the organic
conductors (TMTSF)2ClO4 and (BEDT-TTF)2MHg(SCN)4 (M=K,Rb,Tl). As the magnetic field
increases quasi-one-dimensional density-wave fluctuations increase, producing a pseudo-gap in the
electronic density of states near the transition temperature. When the pseudo-gap becomes larger
than the mean-field transition temperature formation of a density-wave state is not possible.
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Understanding low-dimensional electronic systems
continues to be one of the major challenges of condensed
matter physics. Organic conductors are particulary in-
teresting systems because they exhibit a subtle competi-
tion between metallic, superconducting, charge-density-
wave (CDW) and spin-density-wave (SDW) phases. This
competition is sensitive to pressure, temperature, mag-
netic field, and chemical substitution [1,2,3]. This Let-
ter presents a theory of the destruction of density-wave
phases in quasi-one-dimensional materials in high mag-
netic fields. The model is used to understand previously
unexplained properties of the quasi-one-dimensional con-
ductor (TMTSF)2ClO4 and the quasi-two-dimensional
conductors (BEDT-TTF)2MHg(SCN)4 (M=K,Rb,Tl).
At ambient pressure and zero magnetic field
(TMTSF)2ClO4 is a superconductor below 1.3 K. A
spectacular cascade of transitions into field-induced-spin-
density-wave (FISDW) phases occurs at fields above 4 T.
The quantum Hall effect is observed in these phases [1].
The phase-diagram below 15 T can be explained in terms
of the so-called “standard model” which is a mean-field
treatment of a highly-anisotropic Hubbard model [1,4].
However, there are at least five experimental observa-
tions concerning the behaviour of (TMTSF)2ClO4 in high
magnetic fields that cannot be explained by any existing
theory. (a) At about 15 T the field-induced spin-density-
wave transition temperature TSDW reaches a maximum
of about 5 K and then decreases at higher fields, going
to zero at 27 T [5]. The high field phase is known as the
“re-entrant phase.” Its existence contradicts the stan-
dard model in which the transition temperature saturates
at high fields. Specific heat measurements indicate that
there is a well-defined phase transition from the FISDW
phase to the re-entrant phase [6,7]. (b) Below (above) 2 K
the specific heat of the re-entrant phase at 30 T is smaller
(larger) than that of the metallic phase at zero-field [6,7].
(c) Along the phase boundary at high temperatures the
ratio of the specific heat jump, ∆C, to the normal state
electronic specific heat, γT , is larger than the mean-field
value of 1.43. For example, at 15 T this ratio is about
3.5 [6,7]. On the phase boundary near 27 T the ratio is
less than the BCS value. (d) In the re-entrant phase the
magnetoresistance is approximately activated in temper-
ature [5]. (e) Thermopower measurements suggest that
there is an electronic energy gap above 30 T and below
2.6 K [8].
Previously two models have been proposed to explain
the existence of the re-entrant phase [9,10]. Yakovenko [9]
considered how a high field could effectively confine the
electronic motion to single stacks of TMTSF molecules
and as a result the FISDW phase would be destroyed by
one-dimensional fluctuations. However, this model does
not predict the observed rapid decrease of TSDW with
field [6] and if commonly accepted parameter values are
used the theory will only be relevant for fields of the order
of 100 T [11]. The second model [10] involves changes in
the band structure produced by the ordering of the ClO4
ions at 24 K. This model predicts that there should be
spikes in the transition temperature, periodic in the in-
verse field, at high fields. Although there is some evi-
dence for such spikes in acoustic experiments [12] there
is no evidence for such spikes in specific heat, [6,7] re-
sistivity, [5] and thermopower [8] measurements. This
model also does not predict the observed rapid decrease
of TSDW with field [6,7].
This Letter presents a model for behaviour near the
FISDW-re-entrant phase boundary that is consistent
with the five observations listed above. Before describ-
ing the details a brief description is given of the basic
physics. A SDW forms when the opening of an en-
ergy gap at the Fermi surface, due to the SDW, lowers
the total electronic energy by more than the increase in
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Coulomb energy due to the SDW. The size of the en-
ergy gap is proportional to the amplitude of the SDW.
However, the fluctuations in the SDW order parameter
affect the electronic states. Similar effects have been seen
in CDW systems [13,14,15]. Such effects are ignored in
the standard model. Near the transition temperature the
fluctuations increase and there are long range SDW cor-
relations producing a pseudo-gap in the density of states.
Furthermore, the pseudo-gap reduces the transition tem-
perature and for a sufficiently large pseudo-gap forma-
tion of a SDW is not possible (Figure 1). The reason
for this is simple. In the presence of a large pseudo-gap,
opening an energy gap due to a SDW will not lower the
total energy sufficiently to make formation of a SDW
energetically favourable. The size of the pseudo-gap is
determined by the magnitude of the SDW fluctuations
which are in turn affected by the size of the SDW cor-
relations transverse to the chains. Bjeliˇs and Maki [16]
have shown that the transverse correlation length is a de-
creasing function of magnetic field. This provides a mech-
anism for the FISDW-re-entrant phase transition seen in
(TMTSF)2ClO4: as the field increases the transverse cor-
relation length decreases and the pseudo-gap increases
above a critical value. The presence of a pseudo-gap is
consistent with the observations (b), (d) and (e).
It is generally believed that the physics of the SDW
phases found in the (TMTSF)2X salts can be described
by a Hubbard model with highly anisotropic dispersion
[1]. The hopping integrals ta, tb, and tc associated with
the three crystal axes are estimated to have values of
about 250 meV, 25 meV, and 1 meV, respectively. The
Fermi surface consists of two slightly warped planes. The
sensitivity of the imperfect nesting of this open Fermi
surface to pressure, magnetic field, and the anion X, is
responsible for the rich phase diagram. A mean-field
treatment of the anisotropic Hubbard model can explain
the existence of the FISDW phases [1,4]. At zero-field
the imperfect nesting prevents formation of a SDW. A
magnetic field improves the nesting because the electron
motion becomes more one dimensional [4,17] resulting in
SDW formation and a maximum transition temperature
of about 5 K at 15 T. Since, only behaviour above 15 T is
considered here, for simplicity, perfect nesting is assumed
and a one-dimensional model of the electronic states is
considered. Consequently, the effect of the orbital elec-
tron motion on the density of states and the transition
temperature is neglected.
At the mean-field level the electrons move in a poten-
tial with wave vector 2kF , ∆(x), that is proportional to
the SDW amplitude. The upper and lower components
of a spinor Ψ(x) describe left-moving, up-spin and right-
moving, down-spin electrons, respectively, with Fermi ve-
locity vF . The Hamiltonian for these electrons is [1]
H =
∫
dxΨ†
[
− ivFσ3
∂
∂x
+
1
2
(∆(x)σ+ + h.c.)
]
Ψ (1)
where σ3 and σ± ≡ σ1 + iσ2 are Pauli matrices. It is
assumed that the SDW is incommensurate with the lat-
tice and so ∆(x) is complex. The other electrons are
described by a similar Hamiltonian.
In the standard mean-field treatment the order param-
eter ∆(x) is replaced by its expectation value. In re-
ality ∆(x) is a dynamical field that fluctuates due to
quantum and thermal effects. These fluctuations are
key to the model presented here. Such spin excitations
have been detected in antiferromagnetic resonance ex-
periments [18] and have been used to explain the tem-
perature dependence of the SDW amplitude [19]. The
characteristic energy scale of these excitations is about
1 K and they soften as the transition temperature is ap-
proached. Consequently, these excitations are treated
classically here. At the Gaussian level the SDW correla-
tion function above the transition temperature is [20]
〈∆(x)∆(x′)∗〉 = ψ2 exp(−|x− x′|/ξa(T )). (2)
where ξa(T ) is the correlation length along the chains and
ψ is the rms fluctuation in the order parameter. For a
strictly one dimensional system ψ2 ∝ Tξa(T )→∞ close
to a phase transition [20]. (This divergence is related to
the fact that in one dimension fluctuations prevent finite
temperature phase transitions). A more realistic model
takes into account the coupling between chains and with
q0 a wavevector cutoff gives
ψ2 ∝ q0T
ξa(T )
2
ξb(T )ξc(T )
(3)
which is finite as ξi(T ) → ∞. Here ψ will be treated as
a parameter that is a measure of the SDW fluctuations.
The important point is that as the transverse correlation
length ξb decreases ψ increases.
Bjeliˇs and Maki [16] considered the effect of a large
magnetic field parallel to the c direction (the least con-
ducting direction) on the CDW and SDW correlations
length in the a and b directions. They showed that, while
ξa was not significantly affected, ξb is a decreasing func-
tion of magnetic field (inset of Figure 1). This is because
as as the field increases the electron motion becomes more
one-dimensional [4,17]. If ωc is the cyclotron frequency
and TMF is the mean-field transition tempearature then
the size of the reduction is determined by the ratio
ωc
T
≡
ebvFB
T
≡
B
B0
TMF
T
(4)
For (TMTSF)2ClO4 (b = 7.7A˚, vF = 2× 10
5 m/sec, and
TMF = 5 K) B0 ∼ 3 T [21].
This Letter uses the following model for the fluctua-
tions in ∆(x). It is replaced in (1) with a static random
potential with zero mean, 〈∆(x)〉 = 0, and correlations
given by (2). Treating ∆(x) as a static field is a rea-
sonable approximation if the fluctuations can be treated
2
classically. Similar arguments have been used to suc-
cessfully model the effect of lattice fluctuations on the
electronic properties of CDW compounds [13].
Sadovsk˜i˜i [22] calculated the one-electron Green’s func-
tion for the one-dimensional model (1) and (2) exactly. A
perturbative treatment of this problem was given earlier
[23]. Sadovsk˜i˜i found that the Green’s function reduced
to a simple analytic form in the limit of large correlation
lengths (ξa ≫ vF /ψ) [24]. Since we are interested in be-
haviour near TSDW we will also take this limit. Then it
is also possible to evaluate exactly higher-order Green’s
functions such as those needed to find the transition tem-
perature. The density of states, shown in the inset of
Figure 2, is zero at the Fermi energy and suppressed on
an energy scale of order ψ, i.e., there is a pseudo-gap. As
ξaψ/vF decreases the pseudo-gap gradually fills in [22].
In some CDW systems, at zero field, optical and suscepti-
bility measurements near the transition temperature are
consistent with a pseudo-gap due to fluctuations [15].
TSDW /TMF is a universal function of ψ/TMF (Figure
1). (Identical results are obtained for CDW’s if Zeeman
splitting is neglected). As the fluctuations increase TSDW
decreases. The most important point is: for ψ > TMF
formation of a SDW is not possible.
This model is consistent with the five properties of
(TMTSF)2ClO4 listed above. (a) It is postulated that
the FISDW-re-entrant transition is due to destruction
of the FISDW phase by a pseudo-gap. As the field in-
creases ψ increases due to increasing anisotropy and when
ψ ∼ TMF the re-entrant transition occurs.
(b) Figure 2 shows the temperature dependence of the
electronic specific heat in the presence of the pseudo-
gap. At low (high) temperatures the specific heat is less
(more) than the value in the absence of the pseudo-gap.
For comparison the observed temperature dependence at
30 T [7] is also shown. The data is consistent with the
requirement of the model that ψ ∼ TMF ∼ 5 K.
(c) Calculation of the specific heat jump at the phase
boundary requires knowledge of the temperature depen-
dence of the pseudo-gap. The results for a simple model,
based on equation (3), are shown in Figure 2. The specific
heat jump is significantly enhanced over the mean-field
value of 1.43γT . This is consistent with the observed be-
haviour at high temperatures, but inconsistent with the
observed behaviour at low temperatures. This disagree-
ment could be because of the simplistic model used for
the temperature dependence of ψ and because the SDW
fluctuations can no longer be treated classically.
(d) Due to the pseudo-gap the magnetoresistance will
be approximately activated in temperature.
(e) The thermopower data is just as consistent with a
pseudogap as an absolute gap.
Several key experiments could test this model. Far-
infra-red or nmr measurements could reveal the pseudo-
gap near the phase boundary. As the field increases
above 27 T, ξa decreases, and the pseudo-gap will fill
in [22]. The anion gap model [10] predicts that the re-
entrant phase only exists due to the anion ordering in
(TMTSF)2ClO4. In contrast the model presented here
predicts the destruction of SDW phases in any mate-
rial at sufficiently high fields. The difference between
the two models could be tested by searching for the
re-entrant phase above 30 T in several materials. (i)
(TMTSF)2ClO4: at pressures above 5 kbar the anion or-
dering is destroyed [3]. (ii) (TMTSF)2PF6 has no anion
ordering. At ambient pressure TSDW ∼ 12 K up to 30 T.
Some of these experiments are planned at the Australian
National Pulsed Magnet Laboratory which provides ac-
cess to fields up to 60 T at temperatures down to 60
mK.
This theory is also applicable to the quasi-
two-dimensional materials (BEDT-TTF)2MHg(SCN)4
(M=K,Rb,Tl). A co-existing quasi-one-dimensional
Fermi surface is believed to be responsible for the for-
mation of a density-wave state in these materials at low
temperatures. There is some controversy as to whether
this is a CDW or SDW state [2]. This state is destroyed
above the “kink field”, Hk [2,25]. (For M=Rb, Hk = 32
T). The observed phase diagram is consistent with Fig-
ure 1, including the observation of first-order hysteretic
behaviour near Hk at low temperatures [2,25].
In conclusion, a theory has been presented to show
how fluctuations enhanced by a high magnetic field can
destroy density-wave states in quasi-one-dimensional ma-
terials. The model is consistent with previously un-
explained properties of (TMTSF)2ClO4 and (BEDT-
TTF)2MHg(SCN)4 (M=K,Rb,Tl). For calculational and
conceptual simplicity, the effects of anion ordering and
imperfect nesting of the Fermi surface are neglected. A
complete description of these materials must include the
effects of anion ordering, imperfect nesting, and fluctua-
tions. Finally, I hope this work will stimulate others to
use sophisticated many-body techniques to test whether
the model presented here gives a good description of the
effects of spin-density-wave fluctuations on the electronic
properties of quasi-one-dimensional systems.
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FIG. 1. Phase diagram for a spin-density-wave state in the
presence of a pseudo-gap ψ. Both the pseudo-gap and the
transition temperature are normalized to the mean-field tran-
sition temperature, TMF . Along the dotted lines the transi-
tion is first order. There is a coexistence of phases between
the dotted lines. Above the transition temperature as the field
increases there is a smooth crossover from a normal metal to
a non-metal with a pseudo-gap. This phase diagram is consis-
tent with that of (TMTSF)2ClO4 at fields above 15 T and of
(BEDT-TTF)2MHg(SCN)4 (M=K,Rb,Tl). Inset: Reduction
of the SDW correlation length transverse to the chains, ξb,
by a magnetic field parallel to the least conducting direction
[16]. Equation (3) then implies that ψ increases with field.
ωc is the cyclotron frequency (see equation (4)).
FIG. 2. Dependence of the normal state electronic specific
heat Cn and the specific heat jump at the phase boundary ∆C
on the pseudo-gap. At low (high) temperatures Cn is smaller
(larger) than its value, γT , in the absence of the pseudo-gap.
∆C is enhanced compared to the mean-field value of 1.43γT .
As the pseudo-gap ψ increases ∆C increases until ψ ∼ 2.6T
where the transition becomes first order. The triangles are Cn
data for (TMTSF)2ClO4 at 30 T [7], with ψ = TMF = 5 K.
Inset: Pseudo-gap in the density of states near the transition
temperature. The energy is relative to the Fermi energy. The
density of states is normalized to the free-electron value ρo.
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